demonstrates not only that biomaterials can be of sufficient quality to carry out useful photochemistry, but that in some ways they may be more advantageous in biological applications. Most traditional nanoparticle syntheses require organic capping ligands to control the particle shape. These ligands present a barrier to charge transfer between the semiconductor and the catalyst, often requiring electron tunneling (13) . The ligand-free approach taken here may help to establish a favorable interface between the bacteria and the semiconductor, resulting in improved efficiencies. Additionally, metal chalcogenides such as CdS have had limited application because of oxidative photodegradation; the ability of bacteria to precipitate metal chalcogenides from the products of photodissolution (Cd 2+ and oxidized sulfur complex ions) suggests a potential regenerative pathway to circumvent the debilitating photoinstability through a precipitative self-regeneration.
The M. thermoacetica-CdS system displays behavior that may help it to exceed the utility of natural photosynthesis. First, the quantum yield increased with higher M. thermoacetica-CdS concentrations. The ability to tune the effective light flux per bacterium by changing the concentration of the suspension is a considerable advantage over similar light management practices in natural photosynthesis that are achieved through genetic engineering of chloroplast expression (28) . Second, the catabolic energy loss observed during dark cycles in natural photosynthesis was absent in our hybrid system, which may be an innate feature of the Wood-Ljungdahl pathway, in which acetic acid is a waste product of normal respiration. Additionally, many plants and algae tend to store a large portion of their photosynthetic products as biomass, which requires extensive processing to produce useful chemicals. In contrast, the M. thermoacetica-CdS system directs~90% of photosynthetic products toward acetic acid, reducing the cost of diversifying to other chemical products.
This system could be improved by substituting Cys oxidation with a more beneficial oxidation reaction, such as oxygen evolution, wastewater oxidation for water purification, or oxidative biomass conversion (29, 30) . Expanding the material library available through biologically induced precipitation will increase the capacity for light absorption and raise the upper limit on semiconductor-bacteria photosynthetic efficiency. The availability of genetic engineering tools for M. thermoacetica (31), as well as the introduction of electrotrophic and nanoparticle precipitation behavior in model bacteria such as Escherichia coli (32, 33) , suggests a potential role for synthetic biology in rationally designing such hybrid organisms.
Beyond the development of advanced solar-tochemical synthesis platforms, this hybrid organism also has potential as a tool to study biological systems. The native integration of semiconductor nanoparticles with bacterial metabolic processes provides a distinctive optical tag for the study of microbial behavior, such as semiconductorbacteria electron transfer (34, 35) , by providing a sensitive, noninvasive, nonchemical probe. (3, 4) . Dromedary camels (Camelus dromedarius) were suspected to be the reservoir host after neutralizing antibodies to MERS-CoV were detected in these animals (5) (6) (7) (8) . Subsequently, the virus detected in nasal swabs from these animals was found to be similar to that in human MERS cases associated with farms where the dromedaries were kept (9, 10). In addition, Chan et al. determined that MERS-CoV from dromedary camels replicates in human lung sections cultured ex vivo (11) . More recent studies also provide serological evidence for camel-to-human transmission (12, 13) . Because of its widespread presence in dromedary camels (14) (15) (16) , zoonotic infections of MERS-CoV in humans will continue to occur. Therefore, strict implementation of quarantine and isolation measures, as well as the development of candidate vaccines and antivirals, is urgently needed.
The spike protein is considered to be a key component for vaccines against CoV infections. The identification of dipeptidyl peptidase 4 (DPP4)
as the MERS-CoV receptor (17) has facilitated the subsequent characterization of the receptor binding domain in the S1 region of the MERS-CoV spike protein (18, 19) . When tested as a vaccine in mice, full-length spike protein of MERS-CoV expressed by modified vaccinia virus Ankara (MVA-S) induced high levels of circulating antibodies that neutralize MERS-CoV and limited lower respiratory tract replication in animals transduced with the human receptor DPP4 and inoculated with MERS-CoV (20, 21) . MVA, a highly attenuated strain of vaccinia virus, serves as one of the most advanced recombinant poxvirus vectors in preclinical and clinical trials for vaccines against infectious diseases and cancer. As a proof of principle, we tested the protective efficacy of a MVA-MERS-CoV candidate vaccine in dromedary camels.
In dromedary camels, MERS-CoV replication is mainly restricted to the upper respiratory tract (22) . Therefore, we inoculated four dromedary camels twice at a 4-week interval, with 2 × 10 8 plaque-forming units (PFU) MVA-S administered in both nostrils via a mucosal atomization device, to disperse the vaccine on the nasal epithelium, and 10 8 PFU MVA-S delivered intramuscularly in the neck of each animal (23) . Similarly, four control animals received nonrecombinant wild-type MVA (MVA-wt) (n = 2) or phosphate-buffered saline (PBS) (n = 2). All animals vaccinated with the MVA-S vaccine developed detectable serum neutralizing MERS-CoV-specific antibody titers (Fig. 1A) . No MERS-CoV-specific antibodies were detected in sera of the PBS-or MVA-wt-immunized control animals. The specificity of the antibody response was confirmed by enzyme-linked immunosorbent assay, using recombinant S1 protein ( fig. S1 ). In addition, low levels of MERS-CoVneutralizing antibodies (virus neutralization titer of 1:20 to 1:40) were detected 3 weeks after the boost immunization in the nasal swabs of three animals (Fig. 1B) . Because a MVA-vectored vaccine was used, antibodies neutralizing MVA were also detected (Fig. 1C) ; these antibodies cross-neutralized camelpox virus (Fig. 1D) . Camelpox virus infections occur frequently in dromedaries and cause severe disease that can be prevented by vaccines based on attenuated camelpox viruses (24) .
Three weeks after the boost immunization, all dromedary camels were inoculated with 10 7 median tissue culture infectious dose (TCID 50 ) of MERS-CoV via the intranasal route, using a mucosal atomization device. Upon challenge, the animals showed only mild clinical signs, which were mainly limited to a relatively small rise in body temperature in control-vaccinated animals 1 day after challenge (fig. S2 ). In addition, some dry mucus was observed in one of the nostrils of most animals after day 4, but from days 8 to 10 onward, all control-vaccinated animals exhibited a runny nose that was not observed in MVA-S-vaccinated animals (Fig. 2, A and B) . Previous studies have shown that both experimentally and naturally infected dromedary camels may show nasal discharge after MERS-CoV infection (15, 22) . We next tested nasal respiratory tract samples for the presence of infectious virus. Whereas MERSCoV was found at high titers in all four controlvaccinated animals, mean viral titers in the animals that received the MVA-S vaccine were significantly reduced (Fig. 2C) . At 4 days postinoculation (dpi), an increase in MERS-CoV RNA level was noted in the MVA-S-vaccinated animals ( Fig. 2D) . At 6 dpi, one of the MVA-S-vaccinated animals excreted low levels of infectious virus (10 3 TCID 50 /ml) (Fig. 2C) . Sequencing of the spike gene of this virus showed no amino acid changes in the receptor binding domain ( fig. S3) a result of escape from vaccine-induced antibodies (Fig. 2C) . Rather, the observation that this animal had no detectable MERS-CoV antibody response in the nasal swab at time of challenge may indicate that, for unknown reasons, priming with the MVA-S vaccine was less effective in this animal compared with the other vaccinated animals. Antibodies to MERS-CoV rapidly increased 8 dpi in control-vaccinated animals ( fig. S4) , consistent with the absence of infectious virus in the nasal swabs at that time (Fig. 2C) . Low levels of viral RNA, but no infectious virus, were detected in rectal swabs after MERS-CoV challenge ( fig. S5 ), but not in any of the sera tested.
To analyze pathological changes and viral replication in organs of the animals, we euthanized two animals per group and performed necropsies at 4 and 14 dpi. Gross pathology showed no substantial changes in the organs of any of the animals. However, at 4 dpi MERS-CoV RNA transcripts were detected in several organs of the control-vaccinated animals (Fig. 3A) , although infectious virus particles were restricted to noses and tracheas (Fig. 3B) . In the absence of infectious MERS-CoV, relatively high levels of viral RNA have also been observed in tissues of experimentally infected rhesus macaques and rabbits (25, 26) . In contrast, infectious MERS-CoV particles were found at low levels in the noses of animals that had received the MVA-S vaccine (Fig. 3B) . At 14 dpi, only viral RNA was detected, mainly in control-vaccinated animals ( fig. S6) .
Differences in upper respiratory tract viral replication between vaccinated groups were confirmed by MERS-CoV in situ hybridization (ISH) and immunohistochemistry (IHC). At 4 dpi, only a few cells in the nasal epithelium of MVA-S-vaccinated dromedaries stained positive for MERS-CoV RNA by ISH, as compared with cells from controlvaccinated animals (Fig. 4, A and B) . Viral replication in the control-vaccinated animals was consistent with histopathological analyses showing multifocal moderate rhinitis with multifocal epithelial necrosis, as well as lymphocytic and neutrophilic exocytosis (Fig. 4C) . In the nasal submucosa, we observed edema and infiltrates with lymphocytes, neutrophils, plasma cells, and macrophages. In the trachea and bronchi, we noted infiltration in the lamina propria, as well as a multifocal mild tracheitis and bronchitis with epithelial necrosis and lymphocytic and neutrophilic exocytosis. In the lymph nodes and the tonsils, we detected follicular hyperplasia. Marked MERS-CoV antigen expression in the nasal epithelium was associated with the nasal lesions (Fig. 4C) . Through the use of ISH, the presence of MERS-CoV RNA in the nasal cavity was confirmed in cells similar to those that scored positive by IHC (Fig. 4C) . Furthermore, a few epithelial cells in the trachea and bronchus and those covering the palatum molle-as well as large stellate cells (consistent with dendritic cells) in the lymphoid tissue of the palatum molle, tonsils, and tracheal and cervical lymph nodes-were found to be positive for viral antigen by IHC ( fig. S7 ). In contrast, in MVA-Svaccinated animals the rhinitis was accompanied by less submucosal edema with antigen expression in some nasal cells (Fig. 4C) . Eosinophilic granulocytes were not observed in the lungs of MVA-Svaccinated animals challenged with MERS-CoV. In one MVA-S-vaccinated animal, viral antigen expression was found in a few dendritic-like cells in the lymphoid tissue of the palatum molle, tonsils, and tracheal and cervical lymph nodes, as well as in the gut-associated lymphoid tissue of the duodenum (table S1) . At 14 dpi, we observed multifocal mild rhinitis, tracheitis, and bronchitis and follicular hyperplasia in the lymphoid tissue of controland MVA-S-vaccinated animals. In the lungs of almost all animals, we detected multifocal mild infiltration of neutrophils, histiocytes, and lymphocytes that was not associated with viral antigen expression. In the other extrarespiratory tissues examined, we found no substantial morphological changes or viral antigen expression. Overall, these results indicate that vaccination of dromedary camels with MVA-S induces protective immunity resulting in reduction of excreted infectious MERSCoV, without evidence for antibody-dependent enhancement of viral replication, as seen in feline CoV infection (27) . Given the potential transient nature of mucosal immune responses, follow-up studies are needed to determine the longevity of the responses induced by the MVA-S vaccine, with respect to protection as well as antibodydependent enhancement of viral replication when antibody levels are waning. In addition, dosing of the vaccine and alternative methods of administration must be explored in more detail before this candidate vaccine will be useful in the field.
Protective immunity to CoVs is orchestrated by antibody and cellular immune responses. Investigations in mice have already provided evidence that inoculation with MERS-CoV spike proteinbased candidate vaccines, monoclonal antibodies directed against the spike protein, or dromedary immune serum induces protective immunity against lower respiratory tract MERS-CoV infection (28) (29) (30) . In dromedary camels, a DNA vaccine encoding the spike protein induced MERS-CoV neutralizing antibody responses that were similar to antibody levels in animals inoculated with the MVA-S vaccine, but no challenge experiments were performed (31) . However, studies in the field also indicated that MERS-CoV-seropositive dromedaries may carry MERS-CoV viral RNA in their nasal excretions (8, 15, 16) . Thus, sterilizing immunity may not be possible to achieve, as virus replicates in the upper respiratory tract even in the presence of specific antibodies, similarly to other respiratory viruses. Because dromedary camels do not show severe clinical signs upon MERS-CoV infection, vaccination of dromedaries should primarily aim to reduce virus excretion to prevent virus spreading. Young dromedaries excrete more infectious MERS-CoV than adults (8, 15, 16) , so young animals should be vaccinated first. Our results reveal that MVA-S vaccination of young dromedary camels may significantly reduce infectious MERS-CoV excreted from the nose. Two major advantages of the orthopoxvirus-based vector used in our study include its capacity to induce protective immunity in the presence of preexisting (e.g., maternal) antibodies (32) and the observation that MVA-specific antibodies cross-neutralize camelpox virus, revealing the potential dual use of this candidate MERS-CoV vaccine in dromedaries. Dromedary camels vaccinated with conventional vaccinia virus showed no clinical signs upon challenge with camelpox virus, whereas control animals developed typical symptoms of generalized camelpox (33) . The MVA-S vectored vaccine may also be tested for protection of humans at risk, such as health care workers and people in regular contact with camels. , renewing concerns about potential changes in the mode of MERS coronavirus (CoV) transmission. Although increasing evidence suggests that dromedary camels are the most likely source of human infections (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) , the prevalence and evolution of the MERS-CoV in this animal and the route of virus transmission to humans are not well defined, and little is known of other CoV species that may circulate in camels and how they might influence CoV ecology.
We conducted surveillance for CoVs in dromedary camels in Saudi Arabia, the country most affected by MERS, from May 2014 to April 2015. Initially, paired nasal and rectal swabs were collected from camels at slaughterhouses, farms, and wholesale markets in Jeddah and Riyadh. Because rectal swabs were negative for MERS-CoVs (tables S1 and S2), only nasal swabs were subsequently collected at these sites and in Taif (15 
